Abstract. A detailed analysis of the k i n e M c s of anisotropic elastoplastic solids under finite isothermal deformations is presented. The formulation is based on a multiplicative decomposition of the deformatio? @adient temor into elastic and plastic p m . Emphasis is placed on the proper definition and the physical meaning of the so-called 'plastic spin'. which is the spin of the continuum relative to the material subshucmre. Constitutive equations for the plastic spin are derived for three different material systems: (i) a fibre-reinforced metal-matrix composite, in which the local axis of transverse isotropy is defined by the local orientation of the fibres, (ii) polymeric materials, in which the anisompy is deformation induced, and (E) an elastoplastic material which yields accarding to a yield condition of the kinematic hardenin% we, The numerical implementation of the elasroplastic equations in a finite element programme, as well as an algorithm for their numerical integration, are briefly discussed. The choice of the intermediate unstressed configuration and the proper definition of the plastic spin in 'nonisoclinic' configurations are also discussed.
Introduction
The mechanics of finite elastoplastic deformations has been well developed in recent years and the problem of the appropriate generalization of the classical laws of elastoplasticity to the case of finite deformations has been addressed in numerous publications. During finite plastic deformations, the kinematics of the material substructure, which defines the material symmetries, is not necessarily identical to that of the continuum. The quantity that emerges from such a distinction in kinematics is the plastic spin, which is the spin of the continuum relative to the material substructure (Dafalias 1983 (Dafalias , 1984 . Mandel (1971 Mandel ( , 1973 and Kratochvil(l971, 1973) were the first to suggest that a complete macroscopic plasticity theory must include constitutive relations not only for the plastic part of the deformation rate but for the plastic spin as well. Using the representation theorems for isotropic functions, Kratochvil (1973) concluded that the plastic spin vanishes identically in isotropic materials. In anisotropic materials, however, the plastic spin is of major importance and has been the focus of a series of papers by Dafalias (1983 Dafalias ( , 1984 Dafalias ( , 1985 Dafalias ( , 1987 Dafalias ( , 1988 and Loret (1983) where constitutive equations are formulated for different anisotropies using tensorial structure variables.
The plastic spin and issues related to the evolution of anisotropy in finitestrain elastoplasticity has been the subject of several publications; amongst these, we mention N Aruvus finite isothermal deformations is presented in this paper. The formulation is based on the multiplicative decomposition of the deformation gradient F into an elastic and a plastic part, i.e. F = Fe . F p (Lee 1969) . In section 2, we discuss the physical meaning of the continuum and subsmctural spins, and introduce the definition of the plastic spin. The details of the elastic-plastic kinematics for finite deformations are discussed in section 3.
Several examples of continua with microstructures are discussed and constitutive equations for the corresponding plastic spins are derived in section 4. The problem of finite simple shear for a kinematic hardening plasticity model is analysed in section 5. The numerical implementation of the elastoplastic constitutive equations in a finite element programme and an algorithm for their numerical integration are presented in section 6. The paper closes with a detailed discussion of the choice of the intermediate unstressed configuration and the proper definition of the plastic spin in 'non-isoclinic' intermediate configurations.
Standard notation is used throughout. Boldface symbols denote tensors, the order of which are indicated by the context. All tensor components are written with respect to a fixed Cartesian coordinate system, and the summation convention is used for repeated indices, unless otherwise indicated. The prefices tr and det indicate the trace and the determinant respectively, a superscript T the transpose of a second-order tensor, a superposed dot the material time derivative, and the subscripts s and a the symmetric and anti-symmetric parts of a second-order tensor. Let a and b be vectors, and A and B second-order tensors; the following products are used in the text: (ab)jj = uibj, (A * a)i = Aijuj, ( a . A)i = ujAji, and ( A . B)ij = Ai&.
Continuum versus microstructural spin
Consider a continuum which occupies a certain region BO of the physical space at a certain time b. The position of a material particle at this time is described by its position vector X. Let the position vector of the particle be x at time t . Then an equation of the form
defines the motion of the continuum. Let B denote the new (deformed) configuration of the continuum.
The deformation gradient F of the motion is defined as F ( X , t ) = axcx, wax
and the corresponding velocity gradient L at B is given by
where z1 is the velocity field, and (D, W ) are the deformation rate and spin tensors, defined as the symmetric and anti-symmetric parts of L, respectively.
The continuum spin
It is a well-known result in continuum mechanics that the value of the spin tensor W(x) at a material point x defines the spin of the material line elements which, in B, are situated at I and directed along the principal axes of the deformation rate tensor D(x), i.e.
(4) ei = w . rj = w x ri Finite-strain anisompic plasticity and the plastic spin where ri is a unit vector attached to a material fibre which is instantaneously aligned with one of the eigenvectors of D, and w is the axial vector of W .
In the following, we show that W ( z ) is also the average spin of all material fibres which, in B, are situated at I . Let m be a unit vector attached to a material fibre at S.
Referring to figure 1, we write m = cos03 coshel + s i n g coshez + sin43e3
(5)
where el, e 2 and e3 are unit vectors along the coordinate axes. Using t!e components wi of the axial vector w, we can write the following representation for the spin tensor W :
Then, using the well-known result
together with (5) and (6) one can readily show that (Aravas and Aifantis 1991)
where is the average spin about the coordinate axis x3 of all material fibres which, in 8, are situated at x. Similarly, if we consider the rotation rates about the x1 and xz axes, we find
i.e. the components of W(x) define the average spin of all material fibres which. in B, are situated at x. In view of this interpretation, the spin tensor W will be referred to in the following as the 'continuum spin'. A two-dimensional version of this interpretation has been given by Cauchy (1841) (as referenced in Truesdell and Toupin 1960, p 355).
The substructural and the plastic spins
When an anisotropic material is subjected to finite deformations, the spin w of the 'substructure', which defines the material symmefries (or asymmetries), is not necessarily the same as that of the continuum (W).
For simplicity, we focus our attention on rigid plastic materials in this section and start with the example of a rigid plastic continuum reinforced by aligned fibres. A block of such a material is subjected to a finite simple shear y parallel to the fibres as shown in figure 2. Let X I and xz be the coordinate axes on the plane of the motion as shown in figure 2; then it can be readily shown that the continuum spin W is given by Figure 2 makes it clear that, whereas the continuum spin W is non-zero, the orientation of the fibres (substructure) does not change during the shear deformation and, therefore, the substructural spin w vanishes at all times.
Returning to the general case of finite-strain anisotropic rigid plasticity, we note that a complete constitutive model, in addition to the usual constitutive equations for the elastic and plastic parts of the deformation rate, must specify how the material anisotropy evolves during plastic flow. Dafalias (1984 Dafalias ( , 1985 was the 6rst to suggest the use of the plastic spin W P as a convenient means of distinguishing between the kinematics of the continuum and the kinematics of the substructure. He defined W as the spin of the continuum relative to the substructure, i.e.
wp=w-w (12)
and argued that constitutive equations must be written not only for the plastic part of the deformation rate but for the plastic spin as well. At the risk of becoming redundant, we mention that the last equation can be also written as w=w-wp (13) so that, if the motion of the continuum, and thus W , is known and a constitutive equation for W is given, then equation (13) defines the spin of the substructure, i.e. the plastic spin can be used to define indirectly the spin of the material substructure which, in turn, will define the evolution of anisotropy. Since Dafalias' original work was published, several arguments and counterarguments have appeared in the literature debating wshether a constitutive equation for W Q is indeed necessary (e.g. Nemat-Nasser 1990). It appears that there still exists some confusion in the literature about the plastic spin and its meaning, mainly because the quantities referred to as 'the plastic spin' by various authors are not the same and do not always relate to the spin of the substructure. A detailed discussion of the various 'plastic spins' used by different authors is presented in section 6 below.
An alternative, and perhaps more natural, statement for Dafalias' suggestion could be that a constitutive equation for the substructural spin w must be written, in addition to the usual equations for the plastic part of the deformation rate. The value of WP is then determined as the difference between W and U , according to equation (12) . In the present paper, we follow this alternative approach and derive constitutive equations for the substructural spin w based on micromechanical considerations; whether the corresponding expression for the plastic spin WP, resulting from equation (12), should be called a 'constitutive' equation or not is simply a question of semantics.
We conclude this section by mentioning that, in elastic-plastic (as opposed to rigidplastic) materials, the plastic spin is again the spin of the continuum relative to the substructure in the intermediate (elastically unloaded) configuration as discussed in the following section.
Elastic-plastic kinematics
The kinematics of finite elastic plastic deformation is described by the multiplicative decomposition of the deformation gradient F Gee 1969):
According to this decomposition, the neighbourhood of a material point is mapped first from the undeformed configuration Bo to the intermediate unstressed configuration Bi by the plastic part FP, and then carried to the current configuration B by the elastic part Fe.
The intermediate unstressed configuration B,, that is the configuration of the continuum after removal of Fe, is not uniquely defined, since an arbitrary rigid-body rotation can be superposed to it and still leave the configuration unstressed. Motivated by the kinematics of the single crystal and in order to remove the aforementioned ambiguity, Mandel (1971) introduced a triad of local 'director vectors', say 4, embedded in the material substructure, and used the orientation of the 4s with respect to a fixed Cartesian coordinate system to define the orientation of the intermediate configuration Bi. The director vectors used in the definition of Bi can be associated with the direction of certain material fibres and follow the deformation of the continuum, or with the principal directions of tensorial state variables, in which case their transformation is not necessarily identical to that of the continuum. We choose to work in terms of the so-called 'isoclinic configuration' which is defined in such a way that the director vectors at Bi have, at all times, a fixed orientation in reference to a global coordinate system (Mandel 1971, Nagtegaal and Wertheimer 1984) .
In the current configuration B, the velocity gradient L can be written as 
In the isoclinic configuration we also define the 'purely plastic' quantities
We show next that Wp is indeed the spin of the continuum relative to the substructure in the isoclinic configuration Bi. Since B i is defined in such a way that the direction of the director vectors (substructure) does not vary with time, the substructural spin w is always zero at Bi. Therefore, the quantity W'' = (@. FP-l)=, which is the average spin of the continuum at Bj, is also the spin of the continuum relative to the non-rotating substructure at Bi.
It should be noted that the choice of the intermediate configuration can be made arbitrarily provided that the corresponding kinematical quantities, such as De, DP, etc, are properly defined (Dafalias 1984 (Dafalias , 1985 ; a detailed discussion of the proper definition of the plastic spin when the intermediate configuration is not isoclinic is given in section 6 below.
Continua with microstructures
In all cases discussed in the following, we define the material symmetries and write the elastic and plastic constitutive equations in the intermediate unstressed configuration; this is, in a sense, a natural choice, since the intermediate configuration can be viewed as the 'deformed' configuration for the plastic part of the motion, and the 'undeformed' configuration for the elastic part. For simplicity, isotropic hyperelasticity is assumed in all cases and the elastic part of the constitutive equations is written as se = poa\y(Ee)/aEe (20) where Se = det(F)Fe-' . cr. Fe-T is the elastic second Piola-Kirchhoff stress, U is the true (Cauchy) stress, po is the mass density in the undeformed configuration BO, W is the elastic strain energy density function, and E' = O.S(FeT -Fe -r) is the elastic Green strain, I being the second-order identity tensor.
In the isoclinic configuration, we also define the stress tensor
which is plastic work conjugate to L p at Bi, i.e. the rate of plastic work per unit undeformed volume is given by W P = tr(u. DP) = tr(Z * L;).
(22)
When the elastic response is isotropic, Z is symmetric and equal to (kavas 1992)
where Re is the rotational part of Fe.
The constitutive equations for the plastic part of the motion are of the form where f is a scalar-valued yield function, A is a scalar plastic multiplier, s is a collection of scalar-and tensor-valued state variables, and (f, NF, np) are isotropic functions of their arguments (Dafalias 1987 (Dafalias , 1988 .
The constitutive model is completed by srecifying a constitutive equation for the evolution of the state variables s at Bi:
where j is an isotropic function of its arguments.
Several constitutive models for the yield function f and the plastic deformation date Dp have been presented in the literature for both isotropic and anisotropic materials. In the following, we focus on the plastic spin Wp and derive constitutive equations for some commonly used anisotropic plastic constitutive models.
Fibre-reinforced metals
Consider a metal-matrix composite reinforced by short aligned fibres. In our continuum approach, each material point is characterized by persistent transversely isotropic symmetries in the isoclinic configuration. At each material point we define a local 'director vector' in a such a way that its orientation in the undeformed configuration 0, is the same as that of the aligned reinforcing fibres. The 'director vectors' are embedded in the continuum, follow its deformation, and their orientation in the intermediate configuration B i defines the local axis of transverse isotropy. The multiplicative decomposition (14) is written at each material point, and the isoclinic configuration for that point is defined in such a way that the local 'director vector' (say n) at Bi has, at all times, a fixed orientation with reference to a global coordinate system, conveniently chosen to be the same as that of the corresponding orientation in the undefonned configuration 6, The isoclinic configuration is now uniquely defined to within a rigid rotation about the local axis of symmetry specified by n.
For definiteness, we let n be a unit director vector. 
where nz, n3, and n form an orthonormal basis, and (Y is an arbitrary constant. The right-hand side of (31) is a spin about n in the isoclinic configuration. Transverse isotropy implies rotational symmetry about n, so that a spin about n is inconsequential, therefore, 01 can be set to zero in (31), which reduces to
where the orientation tensor A is defined by the dyadic product A = nn.
The above equation is the constitutive equation for the plastic spin in the isoclinic configuration. It can be readily shown that equation (32) is indeed of the form of (26) and consistent with the general expression given by Dafalias (1984) for transversely isotropic materials (Aravas 1992) . A complete elastieplastic model for fibrereinforced metal-matrix composites has been presented recently by Aravas (1992) .
Anisotropic polymers
Battennan and Bassani (1990) have developed a constitutive model for polymers under finite strain. Their model assumes that the principal directions of the plastic stretch comelate with the molecular orientation or 'texture' of the polymer, and, therefore, the principal axes of plastic stretch are taken as the principal (orthogonal) axes of orthotropy. Under arbitrary histories of deformation, each material point of the deforming polymer will possess orthofropic symmetries about the principal axes of the plastic stretch tensor BP = F p FPT in the intermediate configuration. In Mandel's terminology, the eigenvectors of BP play the role of the director vectors at each material point. We denote by A; (AY > A; > A; ) the eigenvalues of (BP)"* and by q the corresponding unit eigenvectors.
Plastic incompressibility is assumed, so that = 1. At every instant, the arbitrary rotation of the intermediate configuration at each point is chosen in such a way that the orientation of the mis at that point does not vary with time and equals the orientation of the corresponding m i s when the material point yields for the first time (Pereda et a1 1993) .
The rate of change of the q s can be written as (33) m. , -w e m i -where the substructural spin w is now the Eulerian spin of the plastic part of the motion and is given by (Biot 1965 , Hill 1970 (no sum over k) (34) Ai2 + A;* A :
where all tensor components are with respect to the unit eigenvectors mi. When the intermediate configuration is isoclinic, the rate of change of the director vectors vanishes and, therefore, w = 0. Equations (34) and (35) now reduce to
(no sum over k) (36) which are constitutive equations for the plastic spin. When two of the plastic stretches are equal, say A; = A!, the material becomes locally transversely isotropic about the m 1 direction in the isoclinic configuration. In such a case, in view of the local rotational symmetry, a spin about the ml axis is inconsequential and can be set arbitrarily to zero. Therefore, we write 
Finally, when all three plastic stretches are equal (A; = A: = $ = I), the material is locally isotropic and (Dafalias 1983 , 1984 , Loret 1983 
A detailed discussion of the complete elastoplastic constitutive equations for anisotropic polymers can be found in Pereda eta1 (1993).
Kinematic hardening
We begin with a brief review of the commonly used small-strain version of the kinematic hardening model. The yield condition is of the form where a is the back stress, ?P is the equivalent plastic strain defined from ep being the plastic part of the infinitesimal strain tensor.
The plastic flow rule is of the form
where A is a plastic multiplier that vanishes during elastic unloading or neutral plastic loading, and np is a second-order tensor that determines the direction of the plastic strain rate. The collection s of state variables is now s = (a, P'). The simplest version of the evolution equation for the back stress a is due to F'rager and is of the form c i = c 6 ' = A c n P or a = c @
where c is a material constant. Also, in view of (41) and ( 
In the following, we present a finite-strain version of the kinematic hardening model and discuss issues related to the plastic spin. The yield condition and the plastic flow rule are written in the isoclinic configuration in terms of the stress tensor E = det(F) ReT . cr. Re and the symmetric traceless back stress tensor A, which are both defined at ai: 
(47)
The model is completed with the specification of the evolution equation of the back stress A, which will also define the specific form of 0; in (454. The eigenvectors 4 of the back stress A play the role of the director vectors and define the orientation of the substructure.
We write
where the djs are understood to be unit eigenvectors.
At each material point, the intermediate (isoclinic) configuration is defined in such a way that the orientation of the 4s does not vary with time and equals the orientation of the corresponding 4 s when the material point fist yields. A specific example of the definition of the isoclinic configuration is given in section 7.3 where the problem of finite simple shear is analysed in detail.
There are two possible forms for the evolution equation of A. In the first one, the back stress A depends only on the final plastic state of the continuum and is independent of the history of deformation. whems in the second the final value of A depends on the history of plastic deformation. The two cases are discussed separately in the following. Parks el al (1984) and Boyce er a1 (1988) developed a model that falls in this category for the mechanical behaviour of anisotropic polymers at finite strains.
A history-independent equation for
Using arguments similar to those used in section 4.2, we can readily show that the plastic spin Wf is again given by equations (36t(39).
4.3.2.
A history-dependent eqwrrion for A. In the most general case of a history-dependent back stress, one has to write a rate equation for the evolution of A. Starting with we have to specify the evolution of both the principal values Ai and the eigenvectors 4 .
The general form of the equation for the rate of change of the Ais will he For a rate-independent theory, the functions gi must he homogeneous of degree one in both @ and i,': Therefore, taking into account equations (46) where Cl! is an isotropic function of its arguments (Dafdias 1987) .
For example, one could use a model similar to that proposed by Lee et al (1983) and assume that the spin of the principal directions of the hack stress A coincides with the spin of the material fibre which, in Bi, is instantaneously aligned with the eigenvector, say flax, of A that corresponds to the eigenvalue of A with maximum absolute value. In that case,
The requirement that w = 0 leads to ' .PP (61) which is the constitxtive equation for the plastic spin. Note that in such a model, when a material point yields for the first time, A = 0 (isotropy) and the vectors P and clj are not uniquely defined. One possible way to overcome this difficulty would be to assume that, when A = 0, P = c y and d, = q, where q are the eigenvectors of Dp and c y is the eigenvector of 0; that corresponds to the eigenvalue of @ with maximum absolute value. In that case, in view of equation (61), Wf = 0 when A = 0, which is consistent with the well-known result that the'plastic spin vanishes in isotropic materials (Kratochvil 1973 , Hahn 1974 , Dafalias 1983 , 1984 .
Returning to the general case of a history-dependent equation for A, we note that, since the orientation of the 4s does not vary with time in the isoclinic configuration, the evolution equation of A can be written as where G is an isotropic function of its arguments. Note that, in the isoclinic configuration, all material time derivatives are also co-rotational with the substructure (since w = 0). Therefore, the explicit use of any co-rotational rates is avoided when the intermediate configuration is chosen to be isoclinic, thus simplifying greatly the numerical implementation of the elastoplastic equations in a finite element programme. However, when the intermediate configuration is not isoclinic, rates co-rotational with the substructure must be used in the constitutive equations; a detailed discussion of this topic is presented in section 6 below.
We conclude this section by mentioning that Dafalias (1983 Dafalias ( , 1984 Dafalias ( , 1985 and Loret (1983) use the representation theorems for isotropic functions F a n g 1970a, b, Smith 1971 , Liu 1982 to write a constitutive equation for the plastic spin Ti' directly, without going through the specification of the substructural spin w first; in that case, the expression for w is calculated from the difference between the continuum and the plastic spin. It should be emphasized that the two approaches, i.e. the one presented herein and that of Dafalias and Loret, are completely equivalent. However, it is the author's opinion that it is preferable to start with the specification of the substructural spin w based on microstructural considerations directly, instead of specifying the plastic spin first through the use of the aforementioned representation theorems.
Numerical implementation in a finite element programme
In the following, we summarize first the most general form of the elastoplastic constitutive equations and discuss next their numerical implementation in a finite element programme.
The intermediate configuration Bj is chosen to be isoclinic. We define the material symmetries and write the elastoplastic constitutive equations in the isoclinic configuration. (65)
We mention again that, since the intermediate configuration is isoclinic, the evolution equation of the state variables is written in terms of the usual material time derivatives even for tensor-valued state variables.
In a finite element environment, the solution of the elastoplastic problem is developed incrementally and the constitutive equations are integrated at the element Gauss points. In a displacement-based finite element formulation the solution is deformation driven. At a material point, the solution (EL, s., F f , Fn) at time t. as well as the deformation gradient F.+I at time tn+l = t,, + At are supposed to be known and one has to determine the solution
The starting point is equation (19) which, after using (&I), can be written as
The direction of plastic flow is assumed to be constant over the increment and equal to (Np + CZp)" = X,. Integration of the above equation yields
which is truncated to
(68) The evolution equations of the state variables are integrated using a forward Euler technique. A summary of the algorithm for the integration of the constitutive equations is given in the following: where F&, = Fn+l . Fi-'. We choose AA as the primary unknown, treating the yield condition (76) as the basic equation for its determination.
When the constitutive equations are properly normalized, AA can be interpreted as the magnitude of the plastic strain increment. In such a case, if the material is plastically incompressible (i.e. N; + Sl p = 0), it can be readily shown that
i.e. the above algorithm preserves plastic incompressibility to within terms of O(AA2) in comparison to unity (kavas 1992). Dafalias (1987 Dafalias ( , 1988 . The kinematics of the elastoplastic deformations are written as follows (Dafalias 1987) :
6.
and
where
. F,'-')s
In the above equations, a superposed o denotes time derivatives co-rotational with the substructure at a. , i.e.
$ =e + F e . U, f i : = Fl-U*.
( 86) where w, is the spin of the substructure in the arbitrary intermediate configuration a, defined by Ff.
In the arbitrary intermediate configuration we also define the 'purely plastic' quantities 
1
Recalling that (E".p. F f -)a is the average continuum spin at a, , , we readily conclude from equation (88) is the substructural spin at B,,.
We also have the following relationships between quantities at B, and B,: if s is a second-order tensor.
Then, using (94) and (95) 
(1 11) Note that the functional form of the plastic constitutive equations at U, is identical to that at Ui, i.e. equations (105)- (108) at U, can be obtained from the corresponding equations (96)- (99) (Dafalias 1988 ).
e .
S" = S"
ifs, is a scalar ifs, is a vector ifs. is a second-order tensor.
* .
.
7. An example: kinematic hardening and simple shear
The yield condition and the plasticJlow rule
We consider a rigid plastic material which yields according to a kinematic-hardening von Mises yield criterion. The yield condition is written in the isoclinic configuration and is of the form
(1 12) where a prime denotes the deviatoric part of a second-order tensor. A normality rule is used in the isoclinic configuration, so that Using the definition of @, the flow rule (113). and the yield condition we can readily show that @ = A, so that (113) can be written as
Df

--(E'-A).
Since the material is rigid plastic, the elastic part of the deformation gradient is a rigid- We assume that the rate of change of the principal value of A in the i-principal direction is proportional to the value of the corresponding normal component of Dp in that direction, i.e.
(121)
When A = 0, the 4s are assumed to coincide with the eigenvectors of 0 : and their spin equals the spin of the material fibre that is instantaneously aligned with the eigenvector of Dp that corresponds to the eigenvalue of Dp with maximum absolute value.
A j = c(E'P)dj . Dp . dj (no sum over j ) .
The corresponding equations in the current configuration B are w = w -w p where li = Re .d+. Again, when (Y = 0, the lis are defined by the eigenvectors of Dp.
Simple shear
A block of material is subjected to plane strain sim;lle shear y along the x I direction as shown in figure 2 . The deformation gradient F is written as 
In order to simplify the calculations, we choose the elastic rotation to be equal to the identity matrix, i.e. Fe = Rc = I. In this case, the intermediate configuration B, is non-isoclinic and coincides with the current configuration U. Therefore,
Using the flow rule (1 15), we readily conclude that
Note that, because of incompressibility, the stresses can be determined only to within an arbitrary pressure.
Finite-strain anisotropic plasticity and the plastic spin so1 7.3.1. History-independent back stress. Using (50)- (52), (118), (127) and (128), and we find the back seess to be Q =k~(ntn~ --z~z ) = kl[cos28(elel -e~e~)+sin2B(elez+ezei)l.
The stresses are determined using (137):
where B is given in terms of y by (129). 
where =at cos2@ + rvzsin2 @ (YZ = azcos2@ + azsin' @ ff33 = ff3 a12 = ;(U1 -ff2)sin%$.
Using (123), (125). (130) and (142), we can readily show that (145) 2 w = y sin @(elez -S e , ) .
The spin of the eigenvectors of a is defined by w. so that li = w. l j .
Using (142) (142). (130), (143) and (145) for lj, DP, a and w, respectively, we find ci = y(kIzsin*@ + acsin4+)(elel -ezez)
Comparing (149) to (144) 
da3s/dy = 0.
When c = constant, integration of the above system of equations yields where @ is given in terms of y by (147). We consider next the case in which c(P) = co?pN, where CO and N are constants. The system of equations (150)-('I52) is integrated numerically using a forward Euler technique and the stresses are found using equations (137). The variation of UIZ and ui1 with y is shown in figure 4 for 0; = CO = uo =constant and N = 1. 
